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The  Scanning  Tunneling  Microscope  has  demonstrated  unique 
capabilities  for  the  examination  of  electrode  topography, 
the  vibrational  spectroscopic  imaging  of  surface  adsorbed 
species,  and  the  high  resolution  electrochemical 
modification  of  conductive  surfaces.  Here  ve  discuss 
recent  progress  in  electrochemical  STM.  Included  are  a 
comparison  of  STM  with  other  ex  situ  and  in  situ  surface 
analytic  techniques,  a  discussion  of  relevant  STM  design 
considerations,  and  a  semi-quantitative  examination  of 
faradalc  current  contributions  for  STM  at  solution-covered 
surfaces.  Applications  of  STM  to  the  ax  situ  and  in  situ 
study  of  electrode  surfaces  are  presented. 


Since  its  Introduction  by  Blnnlg  et.  si.  in  1982  (1,2),  the  scanning 
tunneling  microscope  has  proven  to  be  a  powerful  and  unique  tool  in 
the  study  of  surfaces.  The  technique  is  conceptually  simple  but 
technologically  demanding:  a  conducting  filament  of  1-10  A  width  at 
Its  point  is  placed  within  several  angstroms  of  a  conducting 
surface,  and  the  tunneling  current  is  monitored  while  the  tip  is 
restored  across  the  sample  surface.  Surface  structure  has  beer, 
obtained  with  atomic  resolution  in  a  variety  of  ambients,  including 
ultra-high  vacuum  (3-8),  cryogenic  fluids  (9-10),  atmospheric 
pressure  of  air  (11-14),  and  liquid  solutions  (vide  Infrs). 
Additionally,  electronic  Information  about  surfaces  (15-18),  and 
vibrational  information  about  surface  adsorbates  (10)  has  been 
obtained  on  atomic  dimensions.  Several  review  articles  that 
describe  in  depth  the  accomplishments  and  promise  of  STM  have  been 
published  (19-23).  Clearly,  these  advances  in  surface 
characterization  have  the  potential  to  Impact  electrochemistry  in 
diverse  areas,  Including  small  scale  lithography,  in  situ 
characterization  of  electrodes  and  of  double  layer  structure, 
spectroscopy  of  adsorbed  intermediates,  and  electronic  properties  of 
electrode  materials. 


i 


To  date,  most  STM  studies  have  focused  on  demonstrating  the 
breadth  of  the  possible  applications;  consequently,  there  are 
relatively  few  studies  of  a  single  electrode/electrolyte  interface 
as  compared  to,  for  example,  surface  enhanced  Raman  spectroscopy  on 
the  Ag/pyridine  system  (24-26).  Application  of  STM  to 
electrochemistry  will  require  modification  of  current  microscope 
designs,  and  will  present  challenges  in  the  integration  of 
electrochemical  potential  control  as  well  as  in  techniques  for  data 
collection  and  workup.  In  this  paper,  we  attempt  to  review  the 
progress  made  in  this  relatively  young  field,  and  attempt  to  develop 
some  of  the  theory  and  applications  germane  to  use  of  the  STM  in  an 
electrochemical  environment.  Ue  first  compare  STM  with  other  ex 
situ  and  in  situ  electrode  surface  characterization  techniques.  Ve 
then  discuss  modifications  in  microscope  design  that  are  necessary 
for  use  in  electrochemical  cells,  and  proceed  to  develop  a 
semiquantltative  discussion  of  the  theory  of  STM  imaging  in  an 
electrochemical  environment.  Ve  then  will  review  the  uses  of  STM  as 
an  ex  situ  tool  for  the  characterization  of  electrochemical 
surfaces,  and  finally  will  discuss  experiments  that  have  taken 
advantage  of  the  STM  for  in  tic u  characterization  and  modification 
of  electrode  interfaces. 

I 

Comparison  of  Scanning  Tunneling  Microscopy  with  Other  Surface  \ 

Chamtcrlzatlon  Methods 


At  present,  the  STM  has  been  demonstrated  to  yield  spectroscopic 
information  regarding  the  spatial,  vibrational,  end  electronic 
structure  of  surfaces.  In  all  of  these  areas,  the  STM  is 
complementary  to  other  existing  techniques.  Also,  and  in  many 
potential  applications,  STM  possesses  unique  features  and 
capabilities.  These  capabilities  are  discussed  in  the  section 
below. 


Structural  Information.  To  a  first  approximation,  the  structural 
Information  from  an  STM  image  results  from  variations  In  the 
electronic  wavefunctlons  of  a  surface  due  to  the  positions  of  the 
surface  atoms  (20,27,28).  Structural  information  can  be  obtained  by 
rastering  across  the  surface  of  Interest  while  employing  negative 
feedback  to  maintain  a  constant  tunneling  current.  By  monitoring 
the  movement  of  the  tip  relative  to  the  surface  an  image  can  be 
obtained  (2,29).  If  the  time  constant  of  the  feedback  loop  is 
increased  so  that  a  constant  height,  rather  than  a  constant  current 
is  maintained,  then  the  spatial  variation  of  the  tunneling  current 
will  contain  structural  information  (30).  Manipulation  of  the  tip 
on  an  angstrom  level  is  accomplished  by  use  of  piezoelectric 
materials,  and  further  details  regarding  this  process  can  be  found 
in  the  section  on  microscope  design. 

In  STM,  the  localized  nature  of  the  tip-surface  interaction 
results  in  an  inherently  sensitive  probe  of  surface  topography. 
Resolution  in  the  direction  perpendicular  to  the  surface  (the  z- 
direction)  can  be  as  high  as  0.1  A  (31),  while  resolution  in  the 
lateral  direction  can  approach  <  2  A  (20,32).  The  image  frame  area 
varies  somewhat,  depending  upon  the  details  of  the  microscope,  but 
typically  lies  in  the  range  of  1  ^a.  Due  to  the  necessity  of 
producing  a  tunneling  current,  STM  experiments  generally  require  a 
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conducting  or  semiconducting  surface,  although  tha  ralatad  atoalc 
force  microscope  (AFM)  can  yield  alallar  topographical  information 
on  insulating  surfaces  (33-35). 

As  an  ex  situ  technique  for  structural  information  on 
surfaces,  STM  is  an  excellent  complement  to  the  standard  electron 
and  ion  diffraction  probes  of  surface  order.  The  STM  method  can 
identify  both  short  range  order  and  long  range  periodicity,  as  well 
as  disordered  surface  layers  (e.g.,  images  of  sorbic  acid  on  Highly 
Ordered  Pyrolitic  Graphite  (HOPC) ,  vida  Infra).  In  contrast, 

LEED  requires  a  coherence  length  of  ordered  domains  on  the  order 
of  at  least  100  A  to  be  useful  (36).  SEM  Images  are  typically 
limited  to  resolution  of  50  A,  but  are  useful  due  to  their  depth  of 
field  and  vide  field  of  view  (37).  High  resolution  TEM  can  yield 
images  of  solids  to  a  resolution  of  1-2  A,  but  requires  extensive 
sample  preparation  and  also  requires  that  the  surface  atoms  be  in 
registry  with  the  remainder  of  the  bulk  sample  under  study  (14,38). 
Clearly,  each  technique  provides  valuable  information  which 
complements  the  others,  and  Ideally  a  combination  of  the  probes 
would  be  used  to  obtain  a  complete  characterization  of  the  surface 
under  study. 

For  in  situ  surface  studies  under  modest  pressures  of  ambient 
gases,  or  for  in  situ  studies  of  surfaces  in  contact  with  liquids, 
the  ion  and  electron  diffraction  techniques  are  not  available.  In 
these  systems,  STM  becomes  one  of  the  few  techniques  capable  of 
yielding  surface  topographic  information.  Under  certain  conditions, 
surface  EXAFS  and  X-ray  standing  wave  techniques  can  yield 
Information  concerning  the  periodicity  and  lattice  properties  of  a 
surface  layer  (39-41),  however,  these  techniques  yield  average 
values  of  the  desired  signal  over  macroscoplcally  large  (an2)  beam 
areas  (39-41).  Elllpsometry  can  yield  Information  concerning  the 
morphology  of  surface  layers  provided  that  suitable  models  for  the 
Interface  have  been  developed  and  confirmed  by  complementary 
techniques  (42,43).  Clearly,  the  overall  lack  of  in  situ  structural 
probes  of  surfaces  is  a  major  driving  force  behind  application  of 
STM  to  electrochemical  interfaces. 

Vibrational  and  Electronic  Spectroscopy.  STM  has  recently  been 
applied  as  a  surface  vibrational  spectroscopic  tool.  To  date,  the 
applications  have  been  for  surfaces  prepared  under  ambients,  and 
'examined  subsequently  ax  situ.  For  example.  Smith  at.  al.  (10)  have 
obtained  vibrational  Information  from  adsorbed  sorbic  acid  molecules 
on  highly  ordered  pyrolytic  graphite  substrates.  In  this 
application,  STM  competes  most  closely  with  EELS  (44),  IETS  (45), 
FTIR  (46)  and  Raman  spectroscopy  (47).  Each  probe  has  particular 
advantages  with  respect  to  spectral  range,  resolution  and  tha  types 
of  systems  that  may  be  studied.  Tha  selection  rules  that  apply  to 
vibrational  spectroscopy  with  the  STM  have  not  yet  bean  elucidated. 
If  the  interaction  is  dipolar  in  nature,  than  it  might  be  expected 
that  there  must  be  some  component  of  tha  vibrational  mode's  electric 
dipole  moment  which  is  parallel  to  tha  exciting  tunneling  beam  in 
order  to  obtain  a  signal.  A  potential  advantage  of  tha  STM 
technique  is  that  molecular  vibrational  modes  may  be  probed  on  an 
individual  molecule -by -molecule  basis  (10).  Although  tha  limits  of 
applicability  of  STM  to  vibrational  spectroscopy  have  only  recently 
begun  to  be  explored,  a  distinguishing  feature  is  tha  inherently 


■aall  "effective  bees  size"  of  the  technique  end  possible  geometric 
inforaation  afforded  by  the  vibrational  spectra  (10). 

STM  has  also  been  shown  to  provide  surface  electronic 
inforaation  (1).  The  aost  common  application  to  date  In  this  area 
is  use  of  STM  to  probe  the  density  of  states  in  aetals  and 
seaiconductors.  Materials  of  Interest  to  electrochealsts  that  have 
been  Investigated  include  Si  (17,48),  GaAs  (16,49),  graphite  (18), 

Pd  (IS),  and  Au  (15).  Once  again,  STM's  unique  contribution  in 
these  applications  arises  froa  the  small  areas  (ca.  2*4  A^)  that  are 
Involved  in  the  measurement  process.  These  capabilities  have 
enabled  the  mapping  of  the  spatial  distribution  of  electronic 
states.  For  example,  cation  and  anion  sites  on  GaAs  surfaces  have 
been  discriminated  (Stroscio,  J.A.;  Feenstra,  R.M. ;  Nevns,  D.M. ; 
Fein,  A. P.  J.  Vac.  Scl.  Technol .  A.  inpress)(3).  Electronic 
structure  measurements  of  occupied  states  are  typically  made  with 
UPS,  while  unoccupied  states  are  probed  by  IPS  (49).  EELS  probes 
both  filled  and  unfilled  states  simultaneously,  and  is  therefore 
used  in  conjunction  with  either  UPS  or  IPS  to  complete  a  band 
structure  determination  (44,49).  A  new  electronic  spectroscopy 
technique,  Field  Emission  Scanning  Auger  Microscopy  (50),  utilizes 
STM- like  technology  to  effect  highly  localized  (c.a.  1  pa)  Auger 
electron  spectroscopy.  The  local  electronic  information  afforded  by 
STM  is  a  valuable  complement  to  these  other  techniques,  and  STM  is 
the  only  one  of  these  methods  that  may  be  applied  to  in  situ 
investigations  in  condensed  media. 
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The  critical  aspects  of  STM  design  deal  with  the  formidable  task  of 
separating  detected  spatial  variations  of  electronic  vavefunctions , 
and  signals  derived  therein,  froa  spurious  mechanical,  acoustical, 
and  thermally  derived  noise  (51).  Stated  in  another  way:  the  task 
is  to  isolate  and  control  the  vertical  and  lateral  confines  of  an 
electron  tunneling  current.  Important  developments  fecllitatlng 
this  goal  Include  the  Introduction  of  magnetic  levitation  (1),  eddy 
current  damping  (2,21),  and  spring  supported  staging  (21,30)  for 
vibration  Isolation.  Simplicity  of  design  was  gained  through  the 
realization  that  stacked  plates  separated  by  lossy  elastomers  could 
achieve  similar  ends  (52,53).  High  speed  imaging  technlquas, 
employable  on  relatively  smooth  surfaces,  were  found  to  yield  an 
improved  signal-to-nolse  ratio  (51,54)  and,  consequently,  opened  the 
real  time  imaging  domain.  The  invention  of  the  piezo  tube  scanner 
by  Blnnlg  and  Smith  (56)  further  reduced  the  complexity  of 
microscopes  and,  since  mechanical  resonances  of  the  tube  occur  at 
higher  frequencies  (c.a.  8  kHz),  the  tube  scanner  allows  still 
higher  tip  speeds.  Throughout  these  design  evolutions  the  need  for 
compactness  and  rigidity  In  the  microscope  body  has  been  respected 
(55). 

The  design  criteria  for  an  in  situ  electrochemical  STM  Include 
the  above  outlined  considerations  as  well  as  several  needs  peculiar 
to  an  electrochemical  environment.  Soimenfeld  and  Manama  (57) 
constructed  the  first  STM  to  operate  under  solution.  Their  work 
highlights  two  Important  design  considerations.  Firstly,  the  tip 
and  sample  should  be  the  only  electrically  active  parts  of  the 
microscope  exposed  to  solution.  This  first  solution  microscope  was 


designed  such  Chat  Che  piezoelectric  scanning  elements  could  remain 
above  Che  solution  level.  In  caking  this  design  consideration 
further,  ve  suggest  that  the  tip  and  aample  should  be  the  only 
chemically  reactive  parts  (e.g.,  metal)  of  the  microscope  exposed  to 
solution. 

The  importance  of  tip  insuletion  is  the  second  significant 
solution  microscope  design  feature  recognized  by  Sonnenfeld  and 
Hansma  (57).  Except  in  ideally  pure  solutions  faradalc  currents 
will  always  be  present  between  the  tip  and  sample.  If  these 
currents  are  of  the  same  magnitude  as  the  tunneling  currents,  then 
feedback  control  will  be  difficult  to  maintain.  Commercially 
available  Pt-lr  tips,  which  are  glass  coated  except  for  about  50  pm 
at  the  tip  end,  were  employed  in  an  effort  to  reduce  faradalc 
currents.  The  most  recent  efforts  by  Sonnenfeld  et.  ai.  Involved 
the  use  of  Pt-lr  tips  with  all  but  5  pm  insulated  from  the 
electrolyte  (58).  SiO  was  then  deposited  on  the  unlnsuleted  section 
of  the  tip  by  evaporation,  and  this  dielectric  was  aubsequently 
removed  from  the  very  end  of  the  tip  by  approaching  into  tunneling 
range  with  a  10  V  bias  between  the  tip  and  sample  (Schnelr,  J.; 
Hansma,  P.K. ;  Elings,  V.;  Curley,  J.;  Vickramaslnghe ,  K. ; 

Sonnenfeld,  R.  SPIE'88  Conference  Proceedings,  In  press).  Such  tips 
have  also  been  employed  in  a  newer  STM,  shown  in  Figure  1,  that 
employs  a  single  tube  scanner,  and  allows  for  fluid  delivery  and 
removal  via  a  fluid  transfer  line.  This  approach,  discussed  in 
greater  detail  below,  was  successful  In  that  Au  could  be  plated 
from,  and  Imaged  with,  these  tips  (58). 

Other  workers  who  have  reported  STM  under  solution  Include 
Itaya  et.  ml.  (59)  and  Fan  et.  ml.  (Fan,  F-R.F.;  Bard,  A.J.  Anal. 
Chem. .  submitted).  Their  instruments  eech  employ  three  orthogonal 
piezoelectric  elements  as  tip  translators  and  both  use  glass  tip 
insulation,  though  their  tip  preparation  techniques  differ.  In  the 
former  case,  a  10  pm  Pt  wire  was  sealed  into  a  capillary  and 
subsequently  etched,  while  the  latter  workers  used  a  65  pm  Pt  wire 
which  was  sealed  in  soft  glass,  turned  on  a  lathe,  and  then 
sonicated  in  concentrated  H2SO4 

Morlta  and  co ’workers  (60}  have  constructed  a  STM  that  employs 
a  unique  3D  scanner  and  3D  positioner  that  is  constructed  from 
several  piezoelectric  cubes.  This  microscope  was  subsequently 
equipped  with  an  electrochemical  cell  that  allows  disconnection  of 
the  tip  and  conventional  3  electrode  voltammetry  to  be  performed 
(61).  Itaya  at.  ml.  have  gained  similar  capabilities  by  modifying 
their  aforementioned  STM  (Itaya,  K. ;  Hlgakl,  K. ;  Sugawara,  S.  Chem. 
Lett. .  in  press) . 

A  noteworthy  advance  in  the  design  of  solution  STMs  was 
achieved  by  Lev  et.  el.  (Lev,  0.;  Fan,  F-R.F.;  Bard,  A.J.  iL, 
Electroanal.  Chem. .  submitted)  by  including  a  Pt  'flag*  electrode  in 
the  STM  of  Fan  et.  ml.  (Fan,  F-R.F.;  Bard,  A.J.  Anal.  Chem.. 
submitted).  A  battery  totween  the  sample  and  this  flag  electrode, 
which  remains  poised  at  the  rest  potential  of  the  solution,  enables 
the  sample  to  be  biased  away  from  the  rest  potential  Independently 
of  the  tip  to  sample  bias. 

Ve  have  also  recently  constructed  a  STM  suitable  for  work 
under  solution  (see  Fig.  2).  The  salient  features  of  our  design 
include  the  fact  that  only  tip,  sample,  pyrex,  and  teflon  are 
exposed  to  solution.  An  automatic  approach  mechanism  allows  for  the 


remote  operation  of  the  microscope  in  an  Nj  drybox- and  facilitates 
the  preparation  of  glass  coated  tips  via  a  field  emulsion  process 
that  is  similar  to  Sonnenfeld' s .  The  microscope  can  be  operated 
with  a  reference  electrode,  counter  electrode,  and  bl-potentlostat 
to  provide  the  above  mentioned  capabilities  used  by  Lev  and  co- 
vorkers .  A  more  complete  discussion  of  this  microscope  design  can 
be  found  elsewhere  (Dovek,  M.M.;  Heben,  M.J.;  Lang,  C.A. ;  Lewis, 
N.S.;  Quate,  C.F.  Rev.  Scl.  Instr..  submitted). 

Currents  in  an  Electrochemical  STM  Experiment 


The  key  behind  the  imaging  capabilities  of  the  STM  is  the  ability  to 
control  and  monitor  the  tunneling  current  between  the  tip  and  the 
sample.  To  a  first  approximation,  the  tunneling  current  is  related 
to  the  Interelectrode  spacing,  d,  by  the  expression  (1,30): 

it  «  AEtexp(-2*d)  [1] 

where  *  is  the  decay  constant  for  the  weve  function  in  the  tunneling 
barrier,  and  AEt  is  the  tunneling  bias.  For  a  typical  value  of  a  - 
1.0  A'1  and  a  constant  bias,  equation  fl]  predicts  a  decrease  in  the 
tunneling  current  of  an  order  of  magnitude  with  a  1  A  decrease  In 
the  tip-substrate  distance.  Thus,  equation  [1]  requires  that  tip- 
sample  spaclngs  of  less  than  10  A  be  employed  for  imaging  at 
moderate  biases  (AEC  <  1  V)  in  STM  (20). 

In  any  Imaging  and  spectroscopic  mode  of  the  STM,  a  bias  is 
required  between  the  sample  and  the  tip.  In  en  electrochemical 
solvent,  faradalc  current  between  the  tip  and  sample  can  Interfere 
with,  and  sometimes  completely  obscure,  the  tunneling  current.  This 
undesirable  situation  makes  it  very  difficult  to  control  the 
feedback  and  to  maintain  a  constant  tunneling  gap  between  the  tip 
and  the  sample.  For  example,  in  our  laboratory,  ve  have  found  thet 
feedback  control  is  lost  on  our  present  microscope  if  the  faradalc 
current,  ip,  assumes  a  value  greater  than  one-half  that  of  the 
tunneling  current,  lt.  Use  of  partially  insulated  tips  alleviates 
this  condition,  but  unfortunately,  does  not  completely  eliminate  the 
problem  (57). 

For  the  operation  of  an  STM  in  a  conventional  two-electrode 
configuration,  the  presence  or  absence  of  significant  faradalc 
current  in  the  tip-sample  circuit  depends  on  three  factors:  1)  the 
redox  potentlal(s)  of  the  solution  species,  2)  the  reversibility  of 
the  electron  transfer  events  for  the  dissolved  redox  eouple(s),  and, 
3)  the  extent  to  which  solution  species  are  permitted  access  to  the 
tunneling  gap.  He  have  identified  four  limiting  cases  of 
electrochemical  interest,  and  discuss  each  separately  below. 

Case  I:  Pure  Lloulda  and  Inert  Electrolytes.  In  the  absence  of 
significant  impurity  currents,  no  faradalc  current  will  flow  if  the 
applied  bias  between  the  tip  and  substrata,  AEt,  is  lass  than  the 
total  potential  differenca,  AEp  y,  required  to  drive  faradalc 
reactions  at  the  STM  tip  and  at’ the  substrate.  This  condition  can 
be  easily  calculated  from  the  electrochemical  potential  data  for  the 
solvent/electrolyte  system  under  study.  This  situation  is  most 
likely  to  exist  in  pure  liquids  or  in  solutions  of  nonelectroactlve 
electrolytes  where  the  faradalc  reactions  at  both  electrodes  are 


associated  with  solvent  or  electrolyte  electrolysis.  The  bias 
window  available  for  imaging  under  these  circumstances  can  be  1  V  or 
aore.  In  pure  water  at  rooa  teaperature,  for  exaaple,  AEp  v  -  1.2 
V  (62).  In  such  cases,  it  aay  be  unnecessary  to  eaploy  Insulated 
STM  tips.  Froa  a  practical  standpoint,  however,  such  tips  are 
desirable  since  the  magnitude  of  the  residual  (iapurity)  faredalc 
current  present  at  any  tunneling  bias  is  reduced. 

Case  II:  Reversible  or  Quasl-Revcrslble  Redox  Species.  If  the  tip- 
sample  bias  is  sufficient  to  cause  the  electrolysis  of  solution 
species  to  occur,  i.e.,  AEt  >  AEp  v,  the  proximity  of  the  STM  tip 
to  the  substrate  surface  (d  <  10  A)  implies  that  the  behavior  of  an 
insulated  STM  tip-substrate  systea  aay  alaic  that  of  a  two-electrode 
thin-layer  cell  (TLC) (63).  At  the  saall  interelectrode  distances 
required  for  tunneling,  a  steady-state  concentration  gradient  with 
respect  to  the  oxidized  (Ox)  and  and  reduced  (Red)  electroactive 
species  should  be  established  between  the  tip  and  the  substrate,  and 
the  resulting  steady-state  current  will  augment  that  present  as  a 
result  of  the  convection  of  electroactive  species  froa  the  bulk 
solution.  In  aany  cases,  this  steady  state  current  is  predicted  to 
overwhelm  the  convective  currents,  so  this  situation  is  of  concern 
when  STM  iaaging  under  electrocheaical  conditions  (64) . 

Davis  at.  si.  (64)  have  calculated  the  steady-state  thin-layer 
current  component  for  a  series  of  electrode  geoaetrles.  In  their 
derivation,  these  authors  have  assumed  that  the  flux  between  the 
electrodes  is  one -dimensional  (perpendicular  to  the  plane). 
Particularly  relevant  to  the  STM  geometry  are  the  equations  for  the 
current  in  a  conical  electrode/planar  electrode  TLC,  I _ _  and  those 
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for  a  hemispherical  electrode/planar  electrode  TLC,  Ihap^ 
-  (1  ♦  a2)l/2(0.5  -  7/4  In  (1  +  2/7)) 
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In  the  above  equations,  o  is  the  conical  aspect  retio,  r/h;  7  is  the 
ratio  of  the  cone  or  hemisphere  radius  to  the  Interelectrode 
distance,  r/d;  and  I,  the  dimensionless  faradaic  current  (either 
*con  or  *hsph^'  th*  r*tio  between  the  one -dimensional  current 
contribution,  1ot£,  end  the  limiting  current  for  an  Isolated 
hemispherical  electrode,  l^Sp^  (see  Eq.  5) (64): 
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A  plot  of  I  for  both  conical  and  hemispherical  geometries  is 
shown  in  Figure  3.  The  thin-layer  current  component  for  these  two 
geoaetrles  becomes  significant  for  inters lectr ode  distances  on  the 
order  of  the  cone/hemlsphere  radius;  i.e.,  that  of  the  steady  state 
diffusion  layer  thickness  for  microelectrodes  with  these  geometries 
At  smaller  distances,  d  <  r,  the  values  of  I  for  these  two  cases 
diverge.  The  value  of  Z  for  the  hemisphere/plane  system  approaches 
infinity  at  small  r,  in  analogy  to  twin  planar  electrode  TLC's.  In 
contrast  the  cone/plane  TLC  reaches  a  limiting  value  (64)  at  small 
Interelectrode  separations.  Digital  simulations  performed  by  the 


authors  indicate  that  lateral  (non- one -dimensional)  diffusion  can  be 
expected  to  contribute  less  than  10%  of  the  total  current  for  the 
henisphere/plane  case  and  for  an  interelectrode  distance,  d  <  0.01  r 
(64).  It  should  be  noted  that  the  accuracy  of  Equations  2  &  3  has 
not  yet  been  demonstrated  experimentally. 

Equations  3  &  4  permit  the  faradaic  current  to  be  estimated  for 
a  hemispherical  tip  geometry  and  small  values  of  7;  i.e.,  at  the 
limit  of  small  interelectrode  distances.  At  a  typical  tunneling 
distance  of  10  A,  assuming  the  tip  radius,  r  -  1  pa  (7  -  10‘3),  and 
D  -  10' 5  cm2  sec*1,  the  concentration  of  electroactive  species 
corresponding  to  i^y,  -  1  nA  is  0.24  ptf.  At  the  limit  of  large 
Interelectrode  spacings,  (i.e.,  7  »  1)  the  steady-state  diffusion- 
layer  thickness  rgs  <  d,  and  Figure  3  shows  that  the  one-dimensional 
TLC  current,  i-xLC *  component  will  be  small.  Assuming  the  current, 
^hsph*  un<*er  these  circumstances  is  limited  by  diffusion  to  a 
hemispherical  microelectrode  at  the  STM  tip,  its  magnitude  will  be 
given  by  (65): 

*hsph  “  ^*nFIU*'ox/red  l5) 

-  5  2  1 

Thus,  for  R  -  1  pm  and  D  -  10  cm  sec  ,  a  1  nA  limiting  current 
is  obtained  for  concentrations  of  electroactive  species,  C  /r#d  - 
1.6  pH.  These  calculations  suggest  that  in  the  presence  of  a 
reversible  redox  couple  at  micro-molar  concentrations,  even  STM  tip- 
sample  biases  of  AEt  <  10  mV  will  drive  a  faradaic  current  that  is 
comparable  to  that  of  the  tip-sample  tunneling  current.  STM  Imaging 
under  such  circumstances  is  likely  to  be  experimentally  demanding 
using  conventional  feedback  methodology. 

This  constraint  may  be  relaxed  somewhat  for  quasi-reverslble 
redox  couples.  In  this  case,  a  significant  overpotential,  q,  (7  —  E 
>  Er#v) ,  may  be  associated  with  the  generation  of  faradaic  current 
at  one  or  both  electrodes.  Thus ,  it  may  be  possible  to  exceed  the 
faradaic  potential  window  (AEt  >  &Erev)  without  drawing  significant 
faradaic  current  due  to  the  fact  that  reactions  at  one  or  both 
electrodes  are  kinetically  slow.  In  this  case,  the  effective 
faradaic  potential  window  is  given  by,  AEp  -  *lm  +  1e  +  AE  v  (ip  < 
0.5  it) .  At  smaller  biases,  feedback  control  can  be  maintained,  and 
STM  imaging  ought  to  be  possible.  This  case,  however,  has  not  as 
yet  been  demonstrated  and  all  STM  Images  of  solution  covered 
surfaces  to  date  have  been  obtained  with  biases  conforming  to  Case  I 
conditions. 

It  should  be  noted  here  that  the  ultra  thin- layer  cells  (UTLC) 
which  result  from  the  close  approach  of  an  STM  tip  to  a  conducting 
substrate  may  have  important  electroanalytical  applications  in 
studies  other  than  STM  imaging  (64).  This  is  because  extremely 
large  current  densities  should  be  attainable  in  such  cells,  and  also 
because  of  the  fast  transit  times  (s.g.,  50  nsec  for  d  -  10  nm)  for 
reactants  across  the  cell.  Thus,  such  UTLC’ s  might  facilitate  the 
determination  of  fast  heterogeneous  rate  constants  or  the  study  of 
reactive  electrochemical  Intermediates  (64) . 


Steady-state  currents  due  to  one -dimensional  flux  between  the  STM 
tip  and  substrate  will  not  exist  if  either,  1)  the  products  at  both 
electrodes  are  Insoluble,  or,  2)  the  electron  transfer  reactions  at 


both  electrodes  are  Irreversible.  In  both  of  these  eases,  the  flux 
to  both  electrodes  will  only  be  that  supplied  from  bulk  diffusion 
into  the  gap. 

Although  froa  a  diffusion*!  standpoint,  these  two  cases  are 
indistinguishable,  it  should  be  noted  that  STM  Imaging  during  the 
deposition  of  insoluble  products  on  either  the  substrate  or  tip  is 
likely  to  be  experimentally  challenging.  The  accumulation  of  nore 
than  ca.  10  A  of  nonelectronically  conductive  aaterial  on  the 
substrate  or  tip,  for  example,  will  prevent  the  feedback  froa 
establishing  the  distances  required  for  tunneling.  Depositions  of 
conductive  aaterials  on  the  STM  tip  (e.g. ,  aetals)  will  probably 
result  in  detrimental  changes  in  its  geometry  which  reduce 
resolution.  One  experimentally  accessible  case  may  prove  to  be  the 
deposition  of  electronically  conductive  aaterials  on  the  substrate, 
e.g.,  metal  plating.  In  this  case,  control  of  the  tunneling  current 
is  possible  providing  the  deposition  rate  does  not  exceed  the 
response  time  of  the  feedback  circuit. 

If  the  total  current  can  be  assumed  to  be  limited  by  diffusion 
to  the  STM  tip,  Case  III  is  similar  to  diffusion  to  a  microdisk 
electrode  (one  electrode)  thin-layer  cell  (63).  Murray  and 
coworkers  (66)  have  ahown  that  for  long  electrolysla  times, 
diffusion  to  a  planar  microdisk  electrode  TLC  can  be  treated  as 
purely  cylindrical  diffusion,  provided  that  the  layer  thickness  is 
much  smaller  than  the  disk  diameter  (66).  In  contrast  to  the 
reversible  case  discussed  above  (Case  I),  the  currents  in  this 
scenario  should  decrease  gradually  with  time  at  a  rate  that  is 
dependent  on  the  tip  radius  and  the  thickness  of  the  interelectrode 
gap.  Thus,  for  sufficiently  narrow  tlp/sample  spaclngs,  diffusion 
may  be  constrained  sufficiently  (ip  decayed)  at  long  electrolysis 
times  to  permit  the  imaging  of  surfaces  with  STM. 

Case  IV:  Snatlal  Exclusion  From  the  Tunneling  Gan.  Throughout  the 
dlacuasion  of  diffusion  above,  we  have  assumed  that  the  STM  tip 
behavea  as  a  microelectrode,  i.e.,  possesses  a  small  metal  area  that 
is  exposed  to  solution.  This  is  typically  the  case  with 
commercially  available,  glass  insulated  STM  tips  where  the  exposed 
metal  surface  area  is  typically  10  -  50  pm2  (57,58).  Moreover,  the 
discussion  has  also  assumed  that  dlffuslonal  processes  between  the 
STM  tip  and  substrate  are  unperturbed  by  steric  effects  due  to  the 
presence  of  the  narrow  gap  which  separates  these  electrodes  during 
tunneling.  However,  at  typical  tunneling  distances,  d  <  10  A,  it  is 
conceivable  that  electroactlve  species  will  be  squeezed  out  of  the 
tip- sample  region  and  precluded  from  reacting  at  either  the  STM  tip 
or  the  substrate.  Alternatively,  it  may  be  possible  to  prepare 
insulated  STM  tips  with  geometries  which  prevent  electroactlve 
species  from  Interacting  with  exposed  metal  at  the  tip.  Ve  have 
preliminary  experimental  results  (vide  infrs)  which  suggest  that 
these  conditions  can  be  met  in  practical  STM  tips.  Thus ,  the 
spatial  exclusion  of  electroactlve  species  froa  the  tunneling  gap  is 
considered  here  to  be  a  fourth  distinct  classification  for  the 
imaging  of  solution-covered  surfaces. 


Predictably,  the  first  STH  studies  of  electrode  surfaces  were  ex* 
slcu  Investigations  of  electrodes  that  vere  prepared  In  solution  and 
subsequently  imaged  either  in  vacuo  or  in  air.  Several 
representative  examples,  illustrating  the  uses  of  STM  to  date,  are 
discussed  in  this  section. 


Electrode  Surface  Topography.  STM  images  of  electrochemically 
pretreated  platinum  surfaces  vere  first  obtained  in  UHV  by  Baro  and 
covorkers  (67).  The  images  reported  by  these  workers  were  the  first 
structural  images  of  electrode  surfaces  that  had  been  exposed  to 
solution  under  potential  control.  In  an  initial  series  of 
experiments,  Pt(lll)  single  crystal  electrodes  were  subjected  to  a 
large  amplitude,  square-wave  potential  perturbation  (1M  H2SO, ,  E,  - 
1.4  V,  E2  -  0.05  V  vs.  NHE,  f  -  2.5  kHz  ),  and  were  Imaged  (at 
nanometer  resolution)  before  and  after  the  electrochemical 
treatment.  The  cyclic  voltanograms  in  the  H  adsorption  region, 
recorded  as  a  function  of  time  after  the  application  of  the  square 
wave  program,  revealed  an  increase  in  the  amount  of  "atrongly" 
adsorbed  H  (E  -  0.28  V))  as  compared  to  "weakly"  adsorbed  H  (E  - 
0.12V).  This  was  consistent  with  the  development  of  micro- 
crystalline  regions  of  Pt(100)  on  the  Pt(lll)  surface  (67).  STM 
Images  of  the  electrochemically  treated  surfaces  revested  the 
development  of  atomically  smooth  facets  on  some  regions  of  the 
surface,  which  was  consistent  with  the  proposed  development  of 
Pt(100)  micro-crystallites.  On  the  basis  of  both  STM  and 
electrochemical  examination  of  Pt  surfaces  that  vere  initially 
either  polycrystalline  Pt  or  Pt(lll)  oriented  crystals,  the  authors 
concluded  that  preferential  development  of  Pt(100)  microcrystallites 
occurs  vith  application  of  the  square -wave,  electrochemical 
perturbation  (67). 

Subsequent  STM  examinations  of  electrochemically  pretreated 
platinum  surfaces  in  air  by  Baro  and  coworkers  (68)  and  by  Fan  and 
Bard  (Fan,  F-R.F.;  Bard,  A.J.  Anal.  Chen. .  submitted)  have  focused 
on  identifying  changes  in  the  surface  topography  effected  by 
electrochemical  activation.  In  related  experiments,  Fan  and  Bard 
have  Imaged  Pt  single  crystals  and  annealed  polycrystalline  Pt 
surfaces  at  nanometer  resolution  before  and  after  the  exposure  of 
these  surfaces  to  adsorbates  such  as  I2  and  ethyl  acetate.  Images 
of  the  adsorbate -covered  surfaces  exhibited  a  qualitatively  rougher 
topography  as  compared  to  clean  Pt  surfaces.  However,  the 
resolution  in  these  Images  was  Insufficient  to  permit  identification 
of  these  surface  features. 

Morlta  at.  al.  (69)  have  obtained  STM  Images  of  electrically 
insulating,  electrochemically  generated,  AI9O3  barrier  layers.  The 
AI2O3  surfaces  to  be  imaged  were  coated  with  thin  (40-300  A) 
conductive  metal  films  in  order  to  make  them  suitable  for  STM 
analysis.  Images  .such  as  that  shown  in  Figure  4  possess  resolution 
in  excess  of  that  routinely  available  from  SEM  images  of  these 
surfaces.  This  work  demonstrated  the  applicability  of  STM  to  the 
examination  of  electrochemically  passivated  surfaces  (69). 

It  is  Interesting  to  note  that  none  of  the  STM  work  on  metal 
surfaces  (i.e.,  Pt  and  Al)  discussed  above  yielded  Images  with 
atomic  resolution.  In  fact,  although  atomic  resolution  Images  of 


semi -metals  such  as  graphite  are  routinely  obtained  in  ax  situ  STM 
of  these  surfaces,  the  free  electron  nature  of  metals  has  previously 
been  thought  to  be  an  impediment  to  resolving  close-packed  metal 
surfaces  at  atomic  resolution.  Notably,  the  close-packed  surface  of 
gold  (Au(lll) )  has  recently  been  imaged  in  both  air  and  UHV  at 
atomic  resolution  by  Hallmark  at.  al.  (8).  This  implies  that  atomic 
resolution  imaging  of  metallic  electrode  surfaces  may  be  possible  in 
the  near  future.  Curiously,  the  studies  of  the  Au(lll)  surface 
reported  an  observed  corrugation  of  0.3  A,  which  is  substantially 
greater  than  that  expected  from  theoretical  calculations  (70).  The 
reasons  for  this  discrepancy  are  not  clear  as  of  this  date. 

Adsorbate  Properties.  Much  recent  STM  activity  has  focused  on  the 
examination  of  adsorbate  covered  surfaces.  Although  in  several 
Instances  nonelectrochemical  techniques,  such  as  gas  phase 
adsorption  methods,  have  been  employed  to  prepare  these  surfaces, 
several  of  these  systems  warrant  mention  here  because  similar 
adsorbates  are  routinely  encountered  in  an  electrochemical  context. 

Gimzewski  at.  al.  (71)  adsorbed  copper  phthalocyanine  (CuPc)  at 
submonolayer  coverages  on  polycrystalline  silver  via  sublimation  In 
vacuo.  These  workers  then  Imaged  these  surfaces  In  UHV  with  the 
STM.  Individual  copper  phthalocyanine  molecules  were  resolved  at  a 
series  of  tip* sample  biases  from  250  mV  •  700  mV  (tip  +)  at  a 
constant  current  of  0.35  nA  (71).  At  the  lowest  tunneling  biases  on 
this  Interval  (narrowest  tip-sample  spaclngs),  forms  with  disc-like 
geometries  and  diameters  of  ca.  10  A  were  observed,  as  expected  if 
CuPc  were  sitting  flat  on  the  surface.  Ai  ;he  bias  was  Increased  to 
values  >  600  mV  (resulting  in  a  greater  tip-sample  spacing),  the 
shape  of  the  observed  images  narrowed  until  a  majority  assumed  a 
cone-like  geometry.  Significantly,  stable  Images  of  Individual  CuPc 
molecules  were  usually  observed  adjacent  to  surface  roughness.  In 
the  absence  of  observable  roughness,  stable,  stationary  CuPc 
molecules  were  only  Infrequently  encountered.  Instead,  diffusion  of 
CuPc  molecules  was  observed  across  the  STM  image  window  at  rates  of 
ca.  2  A/min  (71).  These  observations  demonstrate  the  potential  for 
obtaining  surface  diffusion  coefficients  for  adsorbed  species  with 
STM.  The  studies  with  phthalocyanines  are  also  important  from  the 
view  of  electrocatalysis. 

Smith  at.  al.  (10)  have  obtained  images  of  adsorbed  sorbic  acid 
(SA)  molecules  on  highly  ordered  pyrolytic  graphite  substrates 
(HOPG)  in  liquid  helium.  Sub-monolayer  coverages  of  sorbic  acid 
(C1H7COOH)  were  obtained  by  spin- casting  films  from  SA/benzene 
solutions.  Images  of  elongated  structures  (Fig.  5)  were  associated 
with  SA  partially  covering  the  surface.  These  images  appeared  to  be 
composed  of  several  SA  molecules,  each  of  which  possesses  dimensions 
2  A  x  8  A  .  At  the  liquid  He  temperatures  employed  for  imaging  in 
this  study,  gap  conductivity  (dl/dV)  vs.  tip  bias  spectra  obtained 
with  the  STM  tip  positioned  over  SA  molecules  revealed  peaks  at 
energies  corresponding  to  vibrational  modes  of  adsorbed  SA  molecules 
as  determined  by  IETS  (72).  Such  spectra  were  typically  dominated 
either  by  C-C  and  C-H  modes,  or  by  C-0  and  C-0  modes,  suggesting  that 
for  a  given  position  of  the  STM  tip  over  the  SA  molecule,  tunneling 
current  was  originating  primarily  from  the  alkene  end  of  SA 
molecules,  or  from  the  carboxyl  moiety  (10).  This  example  is  the 
first  to  demonstrate  the  potential  of  STM  for  extracting 


spectroscopic  Information  selectively  for  adsorbed  molecules  on  a 
molecule  by  molecule  basis. 

In  addition  to  the  tvo  cases  discussed  above,  Images  of 
surfaces  costed  with  other  organic  adsorbates  such  as  cadmium 
arachldate  Langmulr-Blodgett  films,  (73),  DNA  (74),  di-methyl  and 
di-2-ethylhexyl  phthalate  (75),  and  K-24  liquid  crystals  (Foster, 
J.S.;  Fr ocnne r,  J.E.  Nature .  submitted)  have  been  obtained  in  recent 
publications . 

Surfaces  modified  with  polymer  films  (c.f., 76-78)  and  self¬ 
organizing  molecular  assemblies  (79,80)  have  been  of  particular 
interest  to  electrochemists.  Albrecht  et.  al.  (Albrecht,  T.R.; 
Dov-k,  M.M.;  Lang,  C.A. ;  Quate,  C.F.;  Kuan,  W.J.;  Frank,  C.W. ; 

Pe  a,  R.F.W.  J ,  AppI .  Phvs . .  submitted)  have  employed  both  STM  and 
atomic  force  microscopy  (AFM)  to  image,  and  STM  to  modify, 
poly(octadecyl  acrylate)  (PODA)  films  on  HOPG.  The  films  were 
prepared  using  Langmulr-Blodgett  techniques.  In  this  work,  single 
PODA  chains  were  observed  on  surfaces  containing  submonolayer 
coverages  of  the  polymer.  The  length  of  the  polymer  chain  images 
obtained  was  consistent  with  the  known  molecular  weight  of  the  PODA 
used  in  this  study.  Crystalline-like  domains  of  parallel  polymer 
bundles  were  also  present  on  such  surfaces.  Modification  of  the 
polymer -covered  surface  was  effected  by  applying  a  100  nsec  voltage 
pulse  of  ca.  4.1  V  to  the  tunneling  bias.  In  crystalline  regions  of 
the  polymer  coating,  the  application  of  the  voltage  pulse  resulted 
in  the  disordering  of  the  polymer  chains  and  in  the  apparent 
cleaving  of  polymer  bonds  resulting  in  the  production  of  shorter 
PODA  oligomers.  The  mechanism  for  polymer  bond  cleavage  in  the  STM 
experiment  may  be  similar  to  that  observed  previously  in  electron- 
beam  irradiation  of  PMMA  resists. 


Lithography  Vlth  the  STM:  Nonelectrochemical  Methods.  The  prospect 
of  atomic  density  information  storage  has  spurred  applications  of 
the  STM  as  a  surface  modification  tool.  In  this  application,  the 
anisotropic  current  density  distribution  generated  by  an  STM  tip  is 
exploited  to  "write"  on  a  substrate  surface.  Features  with  critical 
dimensions  <  5  nm  have  been  written  in  UHV,  in  air,  and  under 
llqulde. 

Although  the  mechanism  by  which  modification  of  surfaces  in 
UHV  occurs  is  not  clear  for  all  cases,  local  heating  effects  appear 
to  have  affected  the  observed  modification  of  glassy  materials  such 
as  ?dg]Sii9  (81)  end  Rh^jZr^  (82).  The  fluence  of  electrons  from 
an  STM  tip  has  been  used  to  accomplish  nanometer  scale  electron  beam 
lithography  of  CaF2  coated  substrates  (83) .  A  somewhat  different 
strategy  has  been  employed  by  Silver  et.  al.  (84).  These  workers 
used  the  electric  fields  of  >10'  V/cm  present  in  the  tunneling  gap 
to  generate  a  micro-plasma  in  the  prssanee  of  an  organo-metalllc  gas 
(dimethyl  cadmium) .  The  organometallic  compound  was  reduced  by  the 
plasma,  and  metal  deposited  in  20  -  50  nm  features  on  the  cathode 
(substrate)  surface  (84).  A  number  of  recent  papers  (85-87)  report 
the  introduction  of  Angstrom  scale  modifications  to  metal  surfaces 
by  the  application  of  large  tip-sample  voltages  (AEt  >  2V) . 

Notably,  these  modifications  have  occurred  both  in  nonpolar  liquids 
and  in  air,  although  the  mechanism  by  which  such  features  are 
produced  is  not  as  yet  clear.  Finally,  the  STM  tip  itself  has  besn 


used  to  "micro  machine"  (88)  surfaces  by  operating  the  STM  with  the 
tip  in  contact  with  a  substrate. 

Lithography  With  the  STM:  Electrochemical  Techniques.  The 
nonuniform  current  density  distribution  generated  by  an  STM  tip  has 
also  been  exploited  for  electrochemical  surface  modification 
schemes.  These  applications  are  treated  in  this  paper  as  distinct 
from  true  in  situ  STM  imaging  because  the  electrochemical 
modification  of  a  substrate  does  not  a  priori  necessitate  subsequent 
imaging  with  the  STM.  To  date,  all  electrochemical  modification 
experiments  in  which  the  tip  has  served  as  the  counter  electrode, 
the  STM  has  been  operated  in  a  two-electrode  mode,  with  the 
substrate  surface  acting  as  the  working  electrode.  The  tip-sample 
bias  is  typically  adjusted  to  drive  electrochemical  reactions  at 
both  the  sample  surface  and  the  STM  tip.  Because  it  has  as  yet  been 
impossible  to  maintain  feedback  control  of  the  z-piezo  (tip- 
substrate  distance)  in  the  presence  of  significant  faradalc  current 
(vide  infra) ,  all  electrochemical  STM  modification  experiments  to 
date  have  been  performed  in  the  absence  of  such  feedback  control. 

Lin  at.  ml.  (89)  reported  the  first  electrochemical 
modification  of  an  electrode  surface  that  was  implemented  with  an 
STM.  These  workers  electrochemical ly  etched  an  illuminated  GaAs 
surface  with  a  4  V  bias  (tip  -)  in  the  presence  of  5  mH  NaOH,  1  mfi 
EDTA  in  either  aqueous  or  acetonitrile  solutions.  Figure  6  shows  an 
SEN  image  of  a  line  etched  on  a  GaAs  surface  using  this  procedure. 
Gas  evolution  at  the  tip  cathode  was  prevented  by  adding  a 
depolarizer  such  as  nitrobenzene.  In  order  to  maintain  a  tip- 
substrate  distance  of  ca.  1  pa  during  the  etching  of  lines,  the 
surface  of  the  semiconductor  was  Imaged  with  the  STM  in  air,  the 
resultant  topographical  data  was  stored  on  a  computer  disk,  and  the 
tip  path  was  retraced  during  the  etching  process.  Etched  line 
widths  of  2.0  pa  and  0.3  pa  were  achieved  in  this  seminal  study 
(89). 

Subsequent  attempts  at  electrochemical  lithography  have  focused 
principally  on  electrochemical  metal  deposition.  The 
electrochemical  deposition  of  metal  features  on  the  surface  of  a 
dissimilar  metal  is  complicated  by  the  fact  that  nucleatlon  events 
always  precede  bulk  metal  plating  (90).  Thus ,  although  the  goal  is 
generally  to  deposit  a  metal  feature  at  a  location  directly  under 
the  STM  tip,  nucleatlon  often  occurs  preferentially  at  surface 
defect  sites  that  can  be  located  microns  away  from  this  location 
(Dovek,  M.M. ;  Heben,  M.J.  unpublished  results,  Stanford  University; 
August,  1987).  This  problem  is  most  pronounced  for  deposition  on 
atomically  smooth  and  unreactive  surfaces  such  as  basal  plane- 
oriented  HOPG,  and  is  manifested  in  large  nucleatlon  everpotentlals 
for  the  deposition  of  metals  such  as  Ag  and  Cu  (91).  Thus ,  well 
controlled  electrochemical  modifications  of  these  surfaces  have  not 
been  demonstrated. 

Schnelr  at.  si.  have  avoided  the  nucleatlon  problem  by  using 
the  same  metal  (Au)  for  both  deposition  and  substrate  (Schneir,  J.; 
Manama,  P.K.,  Elings,  V.;  Curley,  J.;  Vickramasinghe ,  K. ; 

Sonnenfeld,  R.  SPIE'88  Conference  Proceedings,  in  press).  These 
workers  employed  glass  Insulated  STM  tips  to  write  300  -  500  nm  Au 
lines  at  a  bias  of  3.0  V  and  a  tip-sample  spacing  of  1  pa.  Craston 
ec.  ml.  (Craston,  D.H.;  Lin,  C.V.;  Bard,  A.J.  J.  Electrochem.  Soc.. 


submitted)  have  achieved  similar  resolution  by  electrochemlcally 
reducing  metal  ions  (Cur*  and  Ag+)  exchanged  into  Kaf ion- coated 
substrates.  In  this  case,  deposition  can  occur  only  at  positions  on 
the  membrane  physically  contacted  by  the  STM  tip. 

Clearly,  the  resolution  attained  by  electrochemical  methods  has 
not  yet  approached  that  available  with  the  other  techniques 
discussed  above.  Decreasing  the  tip -sample  distance  from  the  1  pm 
employed  in  previous  experiments  ought  to  localize  the  current 
density  distribution  and  improve  resolution.  However,  as  noted 
above,  maintaining  a  smaller  tip-sample  apaclng  ia  likely  to  be 
difficult  in  the  absence  of  tunneling  current  feedback  control.  For 
this  reason,  significant  improvements  in  electrochemical  plating 
resolution  may  depend  on  the  development  of  techniques  for 
maintaining  feedback  controlled  tunneling  distances  on  the  order  of 
1  -  10  nm. 


Surfaces 

One  of  the  most  significant  applications  of  STM  to  electrochemistry 
would  Involve  the  application  of  the  full  spectroscopic  and  imaging 
powers  of  the  STM  for  electrode  surfaces  in  contact  with 
electrolytes.  Such  operation  should  enable  the  electrochemist  to 
access,  for  the  first  time,  a  host  of  analytical  techniques  in  a 
relatively  simple  and  straightforward  manner.  It  seems  reasonable 
to  expect  at  this  time  that  atomic  resolution  images,  I-V  spectra, 
and  work  function  maps  should  all  be  obtainable  in  aqueous  and 
nonaqueous  electrochemical  environments.  Moreover,  the  evolution  of 
such  information  as  a  function  of  time  will  yield  new  knowledge 
about  key  electrochemical  processes.  The  current  state  of  STM 
applications  to  electrochemistry  is  discussed  below. 

Atomic  resolution  SIM  images  of  HOPG  in  water,  and  Images  at 
lower  resolution  of  Au  in  aqueous  2  mfl  NaCl  solutions,  were  first 
reported  by  Sonnenfeld  and  Hansma  (57).  HOPG  images  were  obtained 
using  total  tip -sample  biases  of  100  mV  (tip  •)  and  total  currents 
(faradalc  +  tunneling)  of  50  nA.  The  fact  that  individual  solvent 
molecules  did  not  appear  in  these  STM  images  was  attributed  to  the 
fact  that  their  high  velocity  relative  to  the  tip  speed  resulted  in 
time  averaging  (57).  Xtaya  and  Sugawara  (59)  subsequently  reported 
Images  of  HOPG  in  aqueous  0.05  Q  HjSOa  in  the  presence  of  residual 
faradalc  currents  of  0.2  nA  (AEt  -  100  mV,  tip  •).  Liu  at.  ml.  (92) 
obtained  one  dimensional  traces  with  a  resolution  of  ca.  30  nm  of 
solution-covered,  metal-coated,  Integrated  circuits.  In  this  case, 
the  authors  used  a  total  current  of  5  -  25  nA,  which  Included  a 
substantial  distance -dependent  faradalc  current  component,  to 
control  the  interelectrode  distance  with  a  conventional  feedback 
arrangement  (92). 

Sonnenfeld  at.  ml.  (58)  have  used  STM  to  determine  the 
topography  of  etched  (0.05  v/v«  Br*/MeOH)  and  polished  CaAs 
surfaces.  STM  images  of  these  surfaces  were  obtained  both  in 
aqueous  0.01  H  KOH  and  in  concentrated  aqueous  NH^OH.  GaAs  surfaces 
exposed  to  the  chemical  etchant  and  polished  with  lens  paper 
exhibited  average  roughnesses  of  1  nm  ever  Intervals  of  5  to  1000 
nm.  Occasional  100  nm  scale  defects  were  also  present  on  such 
surfaces.  STM  Images  of  etched  CaAs  surfaces  in  0.01  H  aqueous  KOH 


remained  unchanged  over  perioda  of  aeveral  minute*  (58). 
Interestingly,  the  CaAs  lattice  could  not  be  resolved  at  these 
solution-covered  surfaces,  despite  the  fact  that  previous  atomic 
resolution  images  of  GaAs  in  UHV  have  been  reported  (3,16). 

Work  by  Schneir,  Hansma  and  others  (86,93)  has  extended  the 
list  of  pure  liquids  suitable  for  STM  atudles  by  demonstrating 
imaging  capabilities  with  a  series  of  nonpolar  organic  liquids,  such 
as  paraffin  oil  and  fluorocarbon  grease.  These  liquids  have  the 
advantage  of  possessing  greater  viscosity  than  aqueous  solutions, 
and  hence  exhibit  inherently  smaller  residual  currents.  These 
workers  were  able  to  attain  tip-substrate  biases  (ca.  3  V)  greater 
than  those  routinely  possible  in  air  or  in  aqueous  solutions.  In 
addition,  these  liquids  were  found  to  Improve  the  signal-to-nolse  of 
the  STM  atomic  resolution  Images,  possibly  due  to  improved 
vibrational  damping  characteristics  as  a  result  of  the  liquid  layer 
(86,93).  The  authors  suggest  that  nonpolar,  organic  liquids  may 
serve  to  protect  air  sensitive  or  otherwise  reactive  surfaces,  and 
hence  facilitate  the  Imaging  of  such  surfaces  under  ambient 
conditions . 

As  noted  above,  Schneir,  Hansma  and  coworkers  have  also  used 
the  greater  biases  available  in  nonpolar  organic  liquids  (-  3  V)  to 
facilitate  the  surface  modification  of  gold  surfaces  (87).  The 
features  Introduced  with  this  procedure  were  Imaged  in  situ  under  a 
fluorocarbon  grease.  Gold  mounds,  initially  ca.  10  nm  in  diameter, 
decreased  in  height  and  broadened  over  a  period  of  24  h  as  a  result 
of  diffusion.  Preliminary  self- diffusion  coefficients  for  gold 
atoms  at  these  surfaces  of  D  -  10*20  -  10*1®  cm2  sec'*  were 
estimated  from  the  observed  rate  of  change  of  height  with  time. 

This  is  the  first  Instance  in  which  aolld-atate-like  diffusion 
coefficients  have  been  estimated  from  STM  images.  Thus ,  it  seems 
likely  that  room  temperature  diffusion  coefficients  might  be 
obtained  with  STM  for  well  characterised  systems  in  the  future  (87). 

Itaya  at.  ai.  (Itaya,  K. ;  Higakl,  K. ;  Sugawara,  S.  Chen.  Lett., 
in  press)  have  examined  the  nano -topography  of  polycrystalline  Pt 
electrode  surfaces  immersed  in  aqueous,  0.1  H  ^SO.  in  analogy  to 
the  ax  situ  work  with  electrochamlcally  activated  Pt  electrodes 
discussed  above.  Increases  in  the  surface  area  of  Pt  electrodes 
accompanying  cycling  in  this  electrolyte  are  associated  with 
electrofacetlng  of  the  electrode  surface  as  previously  reported  by 
Baro  and  coworkers.  The  crystallographic  orientation  of  these 
facets,  however,  is  not  apparent  in  the  Images  reported  by  these 
authors . 

Using  the  unique  four -electrode  STM  described  above,  Bard  and 
coworkers  (Lev,  0.;  Fan,  F-R.F.;  Bard,  A.J.  J.  Electroanal.  Chen. . 
submitted)  have  obtained  the  first  images  of  electrode  surfaces 
under  potentiostatlc  control.  The  current-bias  relationships 
obtained  for  reduced  and  anodlcally  passivated  nickel  surfaces 
revealed  that  the  exponential  current -distance  relationship  expected 
for  a  tunneling -dominated  current  was  not  observed  at  the  oxide  - 
covered  surfaces.  On  this  basis,  the  authors  concluded  that  the 
nickel  oxide  layer  was  electrically  insulating,  and  was  greater  than 
ca.  10  A  in  thickness.  Because  accurate  potential  control  of  the 
substrate  surface  is  difficult  in  a  conventional,  two-electrode  STM 
configuration,  the  ability  to  decouple  the  tip-substrate  bias  from 


the  substrate  potential  ought  to  facilitate  the  future  atudy  of 
electrode  processes  by  STM. 

Sonnenfeld  and  Schardt  (94),  and  Schneir  at.  al.  (Schneir,  J., 
Manama,  P.K. ;  Elings,  V.;  Curley,  J.;  Vickramasinghe ,  K. ; 

Sonnenfeld,  R.  SPIE'88  Conference  Proceedings,  in  press)  have  both 
reported  in  situ  STM  Images  of  electrode  surfaces  on  which  metals 
have  been  electrochemically  deposited.  Morita  et.  al.  (61)  have 
examined  Ag  surfaces  in  situ  in  the  presence  of  chloride  ion. 

Figure  7  shows  an  STM  image  obtained  by  Sonnenfeld  and  Schardt  (94) 
of  a  Ag  island  on  the  atomically  smooth  surface  of  HO PC  in  0.05  M 
AgClO^.  This  work  provides  insight  into  the  mechanism  by  which 
nucleation  processes  occur  on  smooth  surfaces.  Because  in  each  of 
the  three  above  cases,  images  such  as  that  shown  in  Figure  7  have 
been  obtained  in  the  presence  of  a  reversible  redox  couple  (i.e. 
either  M*/M°  or  AgCl/Cl*),  they  represent  the  most  demanding 
conditions  under  which  published  STM  luges  have  been  obtained  under 
solution.  As  such,  it  is  important  to  understand  why  STM  Imaging 
under  these  conditions  is  possible.  In  fact,  if  the  correct  bias 
polarity  is  selected,  both  of  the  above  cases  represent  an  example 
of  Case  I  STM  imaging. 

The  silver  deposition  experiments  of  Sonnenfeld  and  Schardt 
(94)  provide  a  representative  example.  After  the  deposition  of 
silver  on  HOPG,  the  freshly  plated  surface  was  imaged  in  the 
presence  of  aqueous  0.0S  AgClO^  (Fig.  7) (94).  Assuming  a 
positive  tip  polarity  is  used,  the  STM  tip  will  function  as  an  anode 
and  its  potential  will  be  that  necessary  to  oxidize  water,  Ea  mo/o 2 
-  --►0.95  V  (pH  -  7).  The  substrate  cathode  will  drive  the  reduction 
of  silver  ion  at  the  silver  plated  substrate  at  a  formal  potential 
of  Ep,Ag*/Ag  “  +0-72  V.  Thus,  an  imaging  window  of  AEp  -  230  mV  is 
available,  inside  of  which  neither  electrochemical  reaction  will 
occur.  Very  different  consequences  result  with  the  opposite 
polarity  (tip  - ) .  Silver  is  anodlcally  dissolved  from  the  substrate 
at  a  reversible  potential  of  +0.72  V,  and  silver  ion  plates  at  the 
tip  cathode  at  the  same  reversible  potential.  Moreover,  two- 
electrode  TLC  current  enhancements  are  expected  since  the  product  at 
the  substrate  (Ag*)  is  the  reactant  at  the  STM  tip.  In  this 
configuration,  the  Ag*/Ag  system  represents  an  example  of  Case  II 
imaging,  which,  as  noted  above,  is  likely  to  be  difficult  with 
conventional,  glass -coated  STM  tips.  For  this  reason,  Sonnenfeld 
and  Schardt  succeed  in  imaging  Ag-plated  HOPG  in  the  presence  of  50 
mtl  Ag*  at  substantial  (e.g.  100  mV)  biases  and  positive  tip 
polarities  (94). 

Thus ,  all  of  the  above  studies  havs  involved  Case  I  imaging 
conditions  (vide  supra).  That  is,  in  each  instance,  the  applied 
biases  used  for  imaging  were  less  than  that  required  to  drive 
faradaic  reactions  at  both  tip  and  sample.  Figure  8  shows  a  HOPG 
image  obtained  under  1  H  NaCl  at  AEC  -  550  mV  (tip  +)  which  is 
representative  of  images  achieved  in  1  B  NaCl  at  biases  of  +  1.5  V 
and  in  solutions  of  1  H  NaCl,  0.1  H  Fe(CN)63'/0.1  g  Fe(CN>6*’ 
solutions  at  biases  of  ±  0.8  V  (Dovek,  M.M.;  Heben,  M.J.;  Lewis, 
N.S.;  Penner,  R.M. ;  Quate,  C.F.  manuscript  in  preparation).  Since 
the  tunneling  current  employed  in  both  cases  was  1  nA,  we  believe 
that  these  images  represent  the  first  examples  of  Case  IV  lma  ging. 
This  result  Indicates  that  imaging  may  in  fact  be  possible  under  the 
experlmentslly  demanding  Case  IV  conditions,  and  implies  that  STM 


operation  nay  be  completely  decoupled  from  electrochemical 
enviroments . 


Summary 

It  should  be  apparent  from  the  discussion  above  that  STM  possesses 
tremendous  potential  for  the  elucidation  of  processes  at  the 
electrode -electrolyte  interface.  Particularly  promising  are  the 
prospects  for  in  situ  studies  of  electrode  surfaces.  Vibrational, 
electronic,  and  structural  information  is  obtainable  on  an  atomic 
scale  for  electrodes  of  importance  to  basic  electrochemical  studies. 
Although  relatively  few  electrochemical  applications  have  been 
demonstrated  to  date,  the  availability  of  commercial  Instrumentation 
(c.f., 95-97)  ought  to  Increase  the  accessibility  of  STM  to 
electrochemists  and  widespread  use  of  the  technique  is  expected  in 
the  near  future. 
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Figure  1.  Single  tube  piezo,  solution  STM  of  Sonnenfeld  and 
Hansma  with  fluid  transfer  line.  Reproduced  with  permission  of 
Ref.  58.  Copyright  1986  American  Institute  of  Physics. 

Figure  2.  Solution  STM  design  with  single  tube  piezo,  remote 
approach  and  fast  retract  capabilities,  large  solution 
capacity,  and  solution- insulated  tip  (tip  design  inset)  (Dovek, 
M.M.;  Heben,  M.J.;  Lang,  C.;  Lewis,  N.S.;  Quate,  C.F.  Rev.  Sci. 
Instr . .  submitted) . 

Figure  3.  iF,TLC/fF,hsph  vs ■  7  for  conical -planar  two  electrode 
cell  (A)  and  hemispherical-planar  two  electrode  cell  (B) . 
Calculated  using  Eqs.  2  and  3  (64). 

Figure  4.  STM  images  of  AI2O3  barrier  oxide  formed  anodically 
at  an  applied  potential  of  20  V  in  Aq.  20  w/v%  H2SO4.  Surface 
was  coated  with  300  A  of  Pt-Pd  alloy  prior  to  imaging.  The 
image  at  left  is  a  composite  of  the  six  STM  images  at  right 
which  were  obtained  with  y-piezo  offset  voltages  as  shown. 
Reproduced  with  permission  of  Ref.  69.  Copyright  1986  Japanese 
Journal  of  Applied  Physics. 

Figure  5.  Sorbic  acid  molecules  on  HOPG  as  reported  by  Smith 
et.  al.  (10).  This  surface  was  prepared  by  spin-coating  a 
dilute  sorbic  acid-benzene  solution  onto  a  freshly  cleaved  HOPG 
substrate.  Images  of  the  surface  were  obtained  in  liquid 
helium.  The  elongated  structure  shown  was  representative  of 
those  present  on  surfaces  prepared  with  this  procedure. 
Reproduced  with  permission  of  Ref.  10. 

Figure  6.  Scanning  electron  micrograph  (SEM)  of  n-GaAs  surface 
electrochemically  etched  with  a  scanning  electrochemical  and 
tunneling  microscope  (SETM) .  Etching  was  accomplished  in  Aq.  5 
mU  NaOH,  1  mil  EDTA.  Photoelectric  current  -  0.7  mA,  Scan  rate 
-0.1  mm/sec,  bias  voltage  -  4  V.  Tip  was  moved  in  an  "L" 
pattern.  Reproduced  with  permission  of  Ref.  89.  Copyright  1987 
The  Electrochemical  Society  Inc. 

Figure  7.  STM  images  of  a  silver  island  on  HOPG  in  aqueous  0.05 
H  AgC104.  Image  was  obtained  with  a  glass -coated  Pt-Ir  tip  at 
a  bias  of  100  mV  (tip  +)  and  it  "  16  nA  without  removing  the 
freshly  Ag  plated  surface  from  the  plating  solution. 

Reproduced  with  permission  of  Ref.  94.  Copyright  1986  American 
Institute  of  Physics. 

Figure  8.  STM  image  of  the  basal-plane  surface  of  HOPG  obtained 
in  1  H  NaCl.  Bias  -  550  mV  (tip  ♦ ) ,  it  •  1  nA.  Image  was 
obtained  in  the  fast  scan  mode.  Carbon  atoms  (dark  spots)  are 
separated  from  each  other  by  2.5  A. 
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